A fast perfusion system was used to apply excitatory amino acids to embryonic hippocampal neurons grown in dissociated culture and voltage clamped in the whole-cell recording configuration. Responses to quisqualic acid and DL-a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA; a potent quisqualate-like agonist) showed rapid desensitization: at 100 ,LM the peak inward current declined to a plateau response on average 0.2 times the peak response (mean time constant, 30 ms). Responses to L-aspartic acid and N-methyl-D-aspartic acid also showed desensitization:
glycine, the peak inward current declined to a plateau value 0.5 times the peak, but with a time constant of desensitization (average, 248 ms) one order of magnitude slower than desensitization of responses to quisqualate. Responses to kainate and domoate (agonists at kainic acid receptors) did not show appreciable desensitization. Responses to L-glutamate and 5-Br-willardine (a potent non-NMDA receptor agonist), recorded in glycine-free solution with 1 mM Mg to suppress N-methyl-D-aspartic acid receptor activity, showed similar rapid desensitization to AMPA and quisqualate, but occurred with less depression of the peak current. The lectin concanavalin A (Con A) reduced desensitization at quisqualate receptors, with no effect on responses to kainate or N-methyl-D-aspartic acid. The effect of Con A developed slowly (average time constant at 2.5 ,AM, 250 s) but at steady state Con A increased the plateau current evoked by 100 ,uM quisqualate to 13 times control. Succinyl-Con A produced only a small reduction of desensitization to quisqualate, %10% of that produced by native Con A. Con A did not change the decay time constant of fast excitatory synaptic currents evoked by stimulation of presynaptic neurons, although the peak synaptic current decreased after treatment with lectin. Con A was also without effect on the block of responses to kainate produced by coapplication of quisqualate.
In the mammalian central nervous system electrophysiological and ligand binding studies suggest three major postsynaptic receptors for excitatory amino acids, activated with moderate to higher selectivity by kainic, N-methyl-D-aspartic (NMDA), and quisqualic acids (1) (2) (3) . The study of desensitization at these receptors is complicated by the need for a system to rapidly apply amino acids at known concentrations to a uniform area of the neuronal membrane, while distinguishing between true desensitization, collapse of transmembrane ion gradients due to the large agonist-evoked increase in membrane permeability to Na and K, or reduction in response due to washout of endogenous neuromodulators such as glycine (4) .
Studies in brain slices, using bath application of agonists, suggest ouabain potentiated collapse of ion gradients rather than true desensitization in response to prolonged applications of kainate, quisqualate, and NMDA (5) . However, experiments on acutely dissociated adult hippocampal neurons (6) showed a rapid desensitization of responses to quisqualate and L-glutamate but not to kainate; although high densities of NMDA receptors are present in the stratum radiatum of the adult hippocampus (7), freshly dissociated neurons did not respond to NMDA, reflecting enzymatic degradation of NMDA but not kainate or quisqualate receptors (8) . In culture preparations of spinal cord, "fast" application from a U-tube of NMDA but not of kainate also produced desensitization (9) , but these experiments were complicated by a reduction in NMDA receptor activity due to washout of glycine from the extracellular space (4) . In other studies desensitization of L-glutamate receptor responses has been described in response to local application of high concentrations of agonist by iontophoresis or to pressure application of 1 mM glutamate with no desensitization to kainate and much slower desensitization to NMDA (10) . Thus resolution of the different behaviors of desensitization at quisqualate and NMDA receptors is just beginning, and many details remain to be clarified.
At the locust and crayfish neuromuscular junctions, Lglutamate activates a quisqualate-selective receptor that shows rapid desensitization sensitive to Con A (11, 12) . Since locusts and crayfish do not express NMDA receptors (1), the action of Con A on responses to NMDA was not determined. The pharmacology and physiology of invertebrate glutamate receptors is quite distinct from each of the three amino acid receptor subtypes expressed in the mammalian central nervous system (1), but it is possible that vertebrate and invertebrate quisqualate receptors may be genetically related. In view of this we performed experiments to examine the effect of Con A on desensitization of mammalian glutamate receptors.
METHODS
Perfusion and Recording Techniques. Neurons from the hippocampus of 17-to 18-day C57BL/6J mouse embryos were plated on confluent astrocyte feeder layers (13) . The perfusion system consisted of an array of seven to nine glass tubes, each 400 ,m in diameter, mounted on a hydraulic manipulator driven by a stepping motor and positioned within 100 ,um of neuronal cell bodies by using a mechanical manipulator. A pump was used to drive solution through the tubes at 50 ,m/ms, and latching solenoid valves were used to direct the solution to a reservoir or on to nerve cells. Cells were always bathed in a rapidly flowing stream of control solution, except during application of amino acids. Voltage clamp was achieved with a discontinuous amplifier switching Abbreviations: AMPA, DL-a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid; NMDA, N-methyl-D-aspartic acid; T, time constant of exponential decay.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. at 9-12 kHz; at the gains used, the maximum voltage escape for currents of 15-20 nA was <3 mV. All experiments were performed at room temperature (25-270C) at a holding potential of -60 mV. Results are presented as mean ± SEM, with n equal to the number of cells studied.
Solutions. Pipettes for whole-cell recording contained 125 mM CsMeSO3, 15 nM CsCl, 5 mM CsEGTA, 0.5 mM CaC12, 1 mM MgCl2, and 5 mM Hepes (Cs salt) (pH 7.2); osmolarity was adjusted to 310 milliosmolar with sucrose. In some experiments 2 mM Mg-ATP was added. The extracellular solution contained 162 mM NaCl, 2.4 mM KCI, 2 mM CaC12, 1 mM MgCI2, 10 mM Hepes (sodium salt), and 10 mM glucose (pH 7.4; osmolarity, 325 milliosmolar) with 400 nM tetrodotoxin and S ,uM bicuculline methiodide. Glycine (300 nM) was added to solutions containing NMDA (4), Mg was removed to prevent channel block (14, 15) , and the Ca concentration was reduced to 0.2 mM to reduce Ca-mediated inactivation (16) . Con A (Sigma, grade IV) and succinyl-Con A were dissolved in a glucose-free extracellular solution at pH 7.2 and filtered before use (pore size, 0.2 ,um) to remove particulate debris.
RESULTS
Desensitization Is Agonist Specific and Dose Dependent. Fast application of amino acids at 100 uM revealed patterns of desensitization consistent with actions at three receptor subtypes (Fig. 1 plateau/peak current varied with the agonist: for AMPA, 0.26 ± 0.05 (n = 5); for quisqualate, 0.22 + 0.04 (n = 8); for Lglutamate, 0.46 + 0.04 (n = 9); for Br-willardine, 0.77 ± 0.04 (n = 4). Responses to NMDA and L-aspartate, studied with 300 nM glycine to allow activation of NMDA receptor channel activity, also showed desensitization but of slower time course; the ratio of plateau/peak current was, for NMDA, 0.50 ± 0.05 (n = 7) and, for L-aspartate, 0.55 ± 0.03 (n = 3).
The decrease in response to sustained application of the desensitizing agonists was usually well described by a single exponential process (Fig. 1C) . Since for responses to AMPA, quisqualate, and L-glutamate the desensitization time constants were statistically indistinguishable (unpaired t test), results for these agonists were pooled and compared with responses pooled for NMDA and aspartate. For desensitization at quisqualate receptors, the time constant was 30.4 ± 2.2 ms, and for NMDA receptors it was 248 ± 22 ms; this difference was highly significant (unpaired t test, P < 0.001).
Desensitization at quisqualate receptors increased with the dose of agonist (Fig. 2) . Consistent with results from binding studies (17, 18) , AMPA appeared to be less potent than quisqualate, and measurement of the EC50 for desensitization, determined from the ratio of the steady-state to peak current, gave values for quisqualate of 3.1 ,uM and for AMPA of 16.4 ,uM (Fig. 2) . The onset of desensitization became faster as the dose of agonist was increased, as found for desensitization of nicotinic receptors at the neuromuscular junction (19) , but it is likely that, within the limited resolution of our technique, the time constant of desensitization is in part influenced by the speed of agonist application.
The study of fast-desensitizing responses to quisqualate is technically difficult and the fastest solution changes (measured using Na concentration jumps in the presence of kainic acid) were achieved on cells that were grown for 4-7 days in culture and had small dendritic trees; in these cells the time constant of desensitization to quisqualate decreased to 7-10 ms. In older cells, with less favorable perfusion of the dendritic tree, the time constant of desensitization to quisqualate increased to between 20 and 30 ms. The ratio of peak/steady-state current evoked by fast application of quisqualate was larger in young cells, suggesting that a rapid and uniform perfusion of the dendritic tree is essential if fast desensitization is to be resolved. In individual experiments with both quisqualate and AMPA, the ratio of peak/steadystate current was highly sensitive to the experimental procedure; large peak currents required high perfusion speeds and were most reliably evoked in young cells whereas in larger cells the peak quisqualate response was quite sensitive to placement of the perfusion pipette. For this reason, we present our analysis of the effects of Con A with respect to changes in steady-state currents that are well resolved with our technique.
Con A Selectively Reduces Desensitization at Quisqualate But Not NMDA Receptors. Desensitization of L-glutamate receptors on invertebrate muscle fibers is completely blocked by pretreatment with the lectin Con A (11, 12, 20) . We have found a similar protective action of Con A for quisqualate receptors in hippocampal neurons (Fig. 3) ; however, for high doses of quisqualate, substantial desensitization persisted even after prolonged treatment with Con A. In those cells in which exceptionally rapid solution changes were achieved, the time constant of desensitization of responses to quisqualate and AMPA was slowed after treatment with Con A. We have not yet studied this in detail but it is likely that, in contrast to the consistent increase in steady-state current produced by Con A, this slowing of desensitization underlies the rather variable increase in the peak amplitude of responses to quisqualate and AMPA (see Figs. 3 and 5) .
Although desensitization was also recorded on activation of NMDA receptors Con A had no effect on desensitization of responses to NMDA and produced only a small potentiation of responses to L-aspartic acid (Fig. 3) . In experiments with a series of eight amino acids, the sensitivity to 2.5 ,M Con A followed the sequence quisqualate > AMPA > L-glutamate >> L-aspartate > Br-willardine, with no action on responses to domoate, kainate, or NMDA (Fig. 3) . It (Fig. 2 ), reflecting differences in fractional receptor occupancy, it will be difficult to make quantitative comparisons of the effect of Con A on different agonists until the effect of Con A is tested at equal receptor occupancy. Consistent with the dose dependence of desensitization at quisqualate receptors (Fig. 2) , the action of Con A increased with the dose of agonist, such that the steady-state current evoked by 1 MM quisqualic acid increased by a factor of 1.96 after prolonged application of Con A, whereas for 10 and 100 puM quisqualate the increase was 5.6 and 13.0, respectively (Fig. 4) . We also compared the effect of 4-min applications of 5 AM succinyl-Con A (calculated as dimer) and 2.5 AuM native Con A on desensitization of responses to quisqualate. SuccinylCon A produced only a small reduction in desensitization compared to the response to native Con A. The steady-state current evoked by 400 ,uM quisqualate increased to 1.56 ± 0.26 times control after treatment with succinyl-Con A (n = 3), whereas in experiments on sister cultures treated with Con A the increase was 6.32 ± 1.52 times control (n = 5). This suggests that the tetrameric form of Con A is largely responsible for reducing desensitization at quisqualate receptors, since succinyl-Con A forms dimers at physiological pH.
Con A Does Not Reduce Kainate Antagonism by Quisqualate. In experiments on goldfish horizontal cells (21) and on mammalian hippocampal (6) and spinal cord neurons (22) , quisqualate blocked responses to kainate. The details and mechanism of this effect have yet to be resolved, since in horizontal cells quisqualate antagonism of kainate responses showed noncompetitive kinetics, whereas in spinal cord neurons increasing the concentration of kainate was found to overcome the blocking action of quisqualate. In our experiments prolonged applications of 2.5 ,uM Con A did not reduce the block of responses to kainate produced by quisqualate (Fig. 5) . In four cells we measured the amplitude of responses to 200 ,uM kainate and 100 ,M quisqualate, applied alone or in combination. Con A was then applied for 4 min and increased the amplitude of the steady-state response to quisqualate applied alone by 6.37 ± 1.45 times control and the response to the combination of kainate and quisqualate by 4.33 ± 0.98 times control but produced no potentiation of responses to kainate, which declined to 0.78 ± 0.004 times control. Decrease of responses to kainate was variable from experiment to experiment and was unrelated to the application of Con A.
The increase in amplitude of responses to kainate and quisqualate applied in combination could be accounted for by the increase in amplitude of the response to quisqualate applied alone (Fig. 5) , suggesting that even after reduction of desensitization of responses to quisqualate by Con A, quisqualate (100 ,M) still blocks responses to 200 ,M kainate.
However, because even prolonged applications of Con A fail to completely block desensitization to quisqualate applied alone, our results do not resolve the issue of whether the quisqualate block of responses to kainate occurs by crossdesensitization or a competitive block of kainate receptors by quisqualate.
Excitatory Synaptic Responses. Studies on spinal cord and hippocampal neurons using focal iontophoresis of Lglutamate to "hot spots" of high agonist sensitivity have shown rapid desensitization, and it was suggested that this might influence the decay time constant of synaptic currents (10) . To test this interesting idea, we examined the effect of 2.5 AM Con A on monosynaptic excitatory synaptic responses evoked by stimulation of adjacent hippocampal neurons under conditions that block activity at NMDA receptors (continuous perfusion, no added glycine, and 1 mM Mg). In three experiments Con A did not alter the decay time constant of the synaptic current, but in two experiments the synaptic current amplitude was irreversibly reduced. Comparable experiments on synaptic responses at the crayfish neuromuscular junction (12) yielded similar results to those described here: Con A blocked desensitization to exogenously applied agonist but decreased the amplitude of the synaptic response. Although our results suggest that Con A may have a presynaptic action on neurotransmitter release at mammalian excitatory synapses, they provide no clear sup- (Kai) applied alone or in combination with 100 ,uM quisqualate (Right) recorded before (control) and after exposure to 2.5,uM lectin for 6 min (Concanavalin-A). The (27) . The Comparison of our results with those obtained in locusts and crayfish is difficult due to differences in technique. In experiments on invertebrates agonists were applied either briefly by iontophoresis (11) or relatively slowly by bath perfusion (20) . The 
